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Engineered log jams (ELJs) have become attractive alternatives for river restoration and bank stabilization pro-
grams. Yet the effects of ELJs on turbulent flow and the fluid forces acting on the ELJs are not well known, and
such information could inform design criteria. In this study, a fixed-bed physical model was constructed to assess
the introduction of ELJs along the Big Sioux River, SD. Two EL] types were examined, referred to as ELJ-1 and ELJ-2.
Both types were deflector jams, where ELJ-1 was rectangular and ELJ-2 was triangular, and oriented with one side
attached to the channel bank. They were deployed either as single structures or in groups of two or three on the
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Engineered log jams same side of the channel and at different separation distances. Results show that (1) time-mean and turbulent
Drag force velocities and bed shear stresses were measurably altered near the EL], but spatially averaged flow just upstream

and downstream of the structure was unaffected; (2) streamwise drag forces measured for the ELJs were signif-
icantly larger than the transverse forces, and the derived drag coefficients for the single structures were 2.72 +
0.19 for ELJ-1 and 1.60 + 0.37 for ELJ-2; and (3) the presence of an upstream structure created a near-bank
wake region that extended a distance of more than 30 flow depths downstream, which greatly reduced drag
forces and drag coefficients observed for the downstream structure by as much as 80%. These observations are
further evidence of the efficacy of ELJs in providing near-structure scour pool development and bank protection
downstream, and they can be used to inform and assess the design of ELJs for use in river restoration and bank

Physical model
River restoration

stabilization projects.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Natural accumulations of large wood (LW) are integral and benefi-
cial components of many river systems worldwide. Geomorphically,
LW can affect time-mean and turbulent velocities (Daniels and
Rhoads, 2003); it can create patterns of localized erosion and deposition
(Abbe and Montgomery, 1996; Buffington et al., 2002; Wallerstein and
Thorne, 2004); and its placement has been linked to the development,
spacing, and stability of pools (Montgomery et al., 1995). Ecologically,
LW provides essential habitat and ecosystem services (Bisson et al.,
1987; Lester and Boulton, 2008), it enhances hyporheic flow exchange
(Lautz et al., 2006), and it can sequester nutrients and facilitate their
processing in situ (Lester and Boulton, 2008; Flores et al., 2011). At rel-
atively larger time and space scales, LW can positively influence the dy-
namic stability and integrity of fluvial landscapes (Collins et al., 2012).

For these reasons, engineered log jams (ELJs) have become attractive
alternatives to conventional in-stream structures used for river
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restoration and channel stability. For example, EL]s can be employed
in river restoration projects for grade control and flow redirection
(Abbe and Brooks, 2011). Abbe et al. (2003a) and Abbe et al. (2003b)
showed that ELJs installed along the North Fork Stillaguamish River,
WA, improved habitat indices, decreased bank erosion, and trapped ad-
ditional wood in transit. Shields et al. (2004) described the design and
installation of ELJs along Little Topashaw Creek, MS. While several struc-
tures failed because of a subsequent high-flow event and inadequate
anchoring, the ELJs produced positive responses in fish communities
(Shields et al., 2006). Brooks et al. (2004) reported on the installation
of ELJs along the Williams River, NSW, AUS, which resulted in increased
pool and riffle area and pool depth, increased sedimentation and chan-
nel complexity, and improved fish indices. Despite these successes, cur-
rent design criteria for ELJs are sparse (see Shields et al., 2004; Brooks
et al., 2006), and the morphodynamic responses of river corridors to
the introduction of ELJs could be better predicted. The primary reasons
for these perceived deficiencies may be attributed to (i) the relatively
new technology and concept of ELJs, (ii) the lack of widespread deploy-
ment of ELJs by practitioners, and (iii) limited data on ELJ post-project
assessment.
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Scaled models of river prototypes in laboratory channels can help fill
these important gaps in the understanding of river morphodynamic re-
sponses to ELJs and to further develop and refine design criteria.
Gallisdorfer et al. (2014) reviewed the basis for scaled physical models
of ELJs and presented the necessary relations for analyzing the introduc-
tion of ELJs into the Big Sioux River, SD, USA, as an example application.
The Big Sioux River is a relatively low sinuosity river with a very fine
sand bed flowing across glacial outwash and alluvial sediments where
the primary land use in the watershed is agriculture (row crops and pas-
ture). The proposed installations of ELJs along this river are to reduce
bank erosion and to decrease suspended sediment fluxes to down-
stream environments, which have adversely affected fish and aquatic
life within the river (SDDENR, 2014). Using the 1.5-year recurrence in-
terval flow rate, spatially averaged dimensions of the river channel,
and characteristics for the available wood, Gallisdorfer et al. (2014) pro-
vided the scaling relations required to construct fixed- and movable-
bed physical models and the design of two different EL] structures.
The focus of the current paper is to present experimental findings for
the fixed-bed model where two types of ELJs were deployed alone
and in groups of two or three of the same structure. The objectives are
(i) to document the effects of ELJs on the time-mean and turbulent
flow and boundary shear stress as compared to a channel without any
structures present and (ii) to define the fluid forces acting on the struc-
tures, through direct and indirect means, using a variety of structure
configurations. These experimental results should inform design criteria
for ELJs in river restoration and bank stabilization programs.

2. Methodology

Following Gallisdorfer et al. (2014), dimensional analysis indicates
that the primary scaling relationship for the model is the Froude num-
ber Fr, where the ratio (subscript r) between the field prototype (sub-
script p) and physical model (subscript m) is set to unity,

Fr u
Fr,=-—P _—_"T _1 1
' Fry \/grhr M)

where u is time-averaged downstream flow velocity, g is gravitational
acceleration, and h is average flow depth. To build the fixed-bed
model, channel cross section data provided by the City of Sioux Falls
were averaged to determine representative reach dimensions, and a
flow frequency analysis of data collected near Dell Rapids, SD (USGS
0648100) defined the design discharge Q with a recurrence interval of
1.5 years (Qy5). Additional considerations for model construction in-
cluded the following: (i) flow was fully turbulent, (ii) surface tension
was ignored, (iii) the vertical scale was distorted relative to the horizon-
tal scale, (iv) dimensions of the available wood to be employed in the
EL]Js, as provided by the City of Sioux Falls, and (v) dimensions of the ex-
perimental apparatus (Wallerstein et al., 2001; Gallisdorfer et al., 2014).
Given these data and qualifications, Table 1 summarizes the dimensions
of the field prototype and the fixed-bed physical model (see Gallisdorfer
et al. (2014) for additional details).

Table 1

Summary of prototype (Big Sioux River, SD) and model dimensions.
Parameter Prototype Model
Discharge Q (m*s~ 1) 51.1 0.0268
Top width (m) 40.5 19
Bottom width B (m) 40.5 1.9
Depth h (m) 2.2 0.114
Velocity u (ms™") 0.574 0.128
Bed slope S 0.00047 0.0005%
Bed texture (mm) 0.08 to 0.1 NA
Froude number Fr 0.124 0.124
Reynolds number Re 106 10*

¢ Later corrected to 0.00005, based on bed shear stress calculations.

The experiments were conducted in a tilting, recirculating (open
loop) flume, 1.9 m wide, 7 m long, and 0.5 m deep with 90° fixed
banks (Fig. 1). Three sump pumps were operated in parallel to deliver
a maximum discharge of 0.0268 m>/s, monitored using an in-line flow
meter, and this discharge corresponds to the 1.48-year return period
within the prototype (which is close to the target design discharge of
Qy.5; Gallisdorfer et al., 2014). The 6-inch inflow pipe was buried into
a 2.0-m-wide, 0.9-m-deep, and 0.9-m-tall headbox filled with cobbles,
which dissipated all pump-related turbulence. Fifteen flow straight-
eners, 0.20 m tall and 0.37 m deep, were installed evenly across the en-
trance to the flume and downstream of the headbox, and ten adjustable
vertical vanes 0.16 m wide and 0.26 m tall were installed at the flume
exit to regulate flow depth within the flume. Vertical profiles of velocity
and at-a-point depth measurements along and across the test section of
the flume confirmed uniform flow conditions (described below). Flume
slope was adjusted manually and checked using a rod and level (eleva-
tion resolution is 4+ 1 mm).

Two ELJ structures were employed, referred to as EL]-1 and ELJ-2
(Fig. 2). These structures are slightly modified versions of a bank-
attached deflector jam commonly used in field applications (Brooks
etal., 2006). These EL] types were chosen to examine the effect of struc-
ture shape and penetration distance on the flow field and drag forces.
Element dimensions used in the ELJs were scaled based on the width
ratio of prototype-to-flume and available wood (Gallisdorfer et al.,
2014). Each structure included five layers of wooden elements: three
layers of key elements with a diameter of 0.032 m; and two layers
of notched, cross-spanning elements with an effective diameter of
0.019 m. All elements exposed to the flow (upstream and cross-
stream) had simulated wooden root wads attached: disks 0.063 m in di-
ameter and 0.014 m thick. Penetration distances into the flow were
0.40 m (0.21B) for ELJ-1 and 0.28 m (0.15B) for ELJ-2, corresponding
to respective values of 8.5 and 6.1 m for the prototype. The differences
between these two structures are overall size and orientation and the
penetration distance into the flow. In the field, such ELJ structures
would be fixed in place (immobile) and ballasted or backfilled with
gravel and cobbles (Brooks et al., 2006).

Downstream (drag) and cross-stream (transverse) forces acting on a
single EL] were measured at 240 Hz by a Futek MBA400 biaxial load cell,
which has a dynamic range of 230 N and a resolution of 0.03 N. This load
cell was carefully calibrated in situ using fully saturated and submerged
ELJs and a precise force scale with a range of 0 to 5 N. Forces were mea-
sured for the entire structure, given that all members were intercon-
nected and fixed in place; and the EL] was mounted to the load cell at
asingle location (Fig. 2E). The instrumented ELJ was suspended pendant
to flow with about a 2-mm gap between the bed and wall of the flume.
All forces reported here are based on 180-s time averages.

Experiments considered both single- and multiple-structure instal-
lations. Fifteen different configurations were examined, each employing
a specific number of structures and collecting specific data. For each
configuration using more than one ELJ, one or more experimental runs
were conducted in which ELJ spacing was varied. For all runs with an
ELJ, an instrumented structure was deployed at a fixed location 4.6 m
downstream of the headbox. One or two additional ELJ structures of
the same type would be installed either upstream or downstream of
the instrumented structure on the same side of the channel. Center-
to-center spacing between these structures is reported. Table 2 summa-
rizes each configuration and the data collected.

Flow velocities were collected using a side-looking Nortek Vectrino
Il acoustic Doppler velocimeter (ADV). Vertical profiles of fluctuating
velocities in the downstream u (x-direction; positive in the downstream
direction), vertical v (y-direction; positive upward), and cross-stream w
(z-direction; positive toward the left bank looking downstream). Veloc-
ity data were collected across the entire cross section and in the near-
field surrounding the ELJ. For the cross sections, data were obtained in
24 vertical profiles spaced 0.05 to 0.1 m across the flume, and each pro-
file contained 11 sampling locations spaced at intervals of 0.01 to 0.02 m
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Fig. 1. Schematic diagram of the experimental channel (Gallisdorfer et al., 2014). Three sump pumps in the tailbox are connected to a single discharge pipe and provide flow in the main
channel (flow is left to right). Flow rate is monitored with an in-line meter. The headbox is filled with cobbles to help dampen pump-related turbulence, and a downstream weir composed
on vertical vanes controls flow depth. The measurement section shows an ELJ structure mounted to the biaxial load cell secured to the cart on the flume rails. All dimensions are in meters.

(Fig. 3A). Higher spatial resolutions were employed near the ELJ. In the
presence of a single EL], two cross sections were selected for measure-
ment: 0.83 h (0.095 m) upstream and downstream of the structure.
When multiple structures were present, velocity data were collected
upstream and downstream of the instrumented structure at a distance
of 2 h (0.228 m). This procedure included eight vertical profiles spaced
at 0.05 m from the sidewall, and each profile contained five vertical lo-
cations spaced at intervals of 0.015 to 0.02 m (Fig. 3B). At all sampling
locations, velocities were recorded for 120 s at 75 Hz. When processing,
all data with correlations <0.7 were rejected (WinADV; Lane et al.,
1998; Wahl, 2000), and all erroneous spikes were removed (phase-
space threshold method; Goring and Nikora, 2002). These methods typ-
ically deleted about 4% of the observations.

The ADV data were processed to derive time- and space-averaged
velocity and turbulence parameters as well as determinations of bed
shear stress. To define spatially averaged flow and turbulence parame-
ters, all data were first time-averaged at-a-point. Second, all flow
parameters were spatially averaged vertically and horizontally. For u,
v, and w flow velocities, a no-slip condition was assumed along the
walls (at y/h = 0 and z/B = 0, 1), and the velocity at the water surface
(y/h = 1) was assumed to be equal to the measured value just below
it (y/h = 0.78). Using downstream flow velocity u as an example,
spatially-averaged velocity <u> is defined as

B rh
W =g [ [ ueydzdy @)

(A)

‘ 0.40 L

(B) D)

where ii(z, y) is the time-averaged value at-a-point. The spatially-
averaged downstream flow velocity for the reference condition,
denoted as uy, is used to normalize all velocity and turbulence data.
For turbulence and kinetic energy parameters defined below, the values
at the bed (y/h = 0) were assumed to be equal to the nearest-bed value
(y/h = 0.11), whereas values at the sidewall and water surface (y/h = 1
and z/B = 0, 1) were assumed to be zero. Spatially-averaged velocity
magnitude Upgg is defined as

Umag = \/ (W)* + (V)> + (W)*. (3)

Root-mean-square (denoted by subscript rms) of each velocity
component and turbulent kinetic energy k are defined as

— — — ‘1 SR JR— PR
Upms = \/ u/2; Vims = ‘/V/Z; Wyms = WIZ; k = 5 (u/Z + V2 + W/Z) (4)

where ' =u — i,V =v—v,and w = w—w.

For wide open-channel flows with B/h > 6, boundary shear stress 75
can be defined as a function of flow depth h (or hydraulic radius) and
energy (or bed) slope S,

Ths = pghS (5)

0.42 '—I

Fig. 2. Model drawings of showing plan and frontal views of ELJ-1 (A, B) and ELJ-2 (C, D), with dimensions in meters (Gallisdorfer et al., 2014). For the ELJs, flow would move from top to
bottom with the near stream bank to the left. (E) Photograph of ELJ-1 mounted to the biaxial load cell looking upstream (photograph by D. Levere).
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Summary of experimental configurations (15 in total) and the data collected; individual runs (39 in total) for each configuration are identified by variations in spacing between structures

(all structures were deployed on the same side of the channel).

Configuration  ELJ type  No. of structures  Spacing between structures Instrumented structure  Data collected®
Cross-sectional flow  Near-field flow  Force

1 NA 0 - - X - -
2 1 1 - - X X X
3 1 2 7.5h,15h,30 h Downstream - X X
4 1 2 5h,10 h,12.5h,17.5 h,20 h, 22.5h,25h,27.5h  Downstream - - X
5 1 3 5h Upstream - - X
6 1 3 5h Center - - X
7 1 3 5h Downstream - - X
8 1 3 7.5h,10h,125h,15h Downstream - - X
9 2 1 - - X X
10 2 2 7.5h,15h,30 h Downstream - X X
11 2 2 5h,10 h,12.5h,17.5h,20 h,22.5h,25h,27.5h  Downstream - - X
12 2 3 5h Upstream - - X
13 2 3 5h Center - - X
14 2 3 5h Downstream - - X
15 2 3 7.5h,10h,12.5h,15h Downstream - - X

2 Cross-sectional flow refers to velocity measurements obtained upstream and downstream of the ELJ across the entire flume width. Near-field flow refers to velocity measurements
obtained upstream and downstream of the ELJ but limited in distance across the flume to the penetration width of the structure. Force refers to drag and transverse forces measured on the

instrumented ELJ.

where p is fluid density. The distribution of downstream flow velocity is
described by the Kairman-Prandtl ‘law of the wall’ in the near-bed
region (usually y < 0.2h), defined as

u 1
u_*:Em(le)? Tu:Puf

where 7, and u- are bed shear stress and shear velocity, respectively, xis
von Karman's coefficient (0.41), and yq is the zero-velocity roughness
height. Assuming linear variations with height above the bed for Reyn-
olds stress and turbulent kinetic energy k, these measurements can be
extrapolated to determine bed stress values (7; based on Reynolds
stress and 7y based on turbulent kinetic energy),

(6)

o = —puV,_y: Ty = ckly )

where c varies from 0.18 to 0.21 (Soulsby, 1983; Williams et al., 1999;
Huthnance et al.,, 2002).

Drag coefficients of the ELJs can be determined from the force mea-
surements. The drag coefficient Cp is defined as

2F
"7 outA

8

where U s a characteristic velocity, A is the area of the EL] exposed to the
flow, and Fp is drag force measured directly from the load cell.
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3. Results

The objectives of the experiments were to document the effects of
ELJs on the time-mean and turbulent flow and boundary shear stress
as compared to a channel without any structures present and to define
the fluid forces acting on select structures. As summarized in Table 2, 15
experimental configurations comprising 39 individual runs were con-
ducted. The experimental results are presented in four groups: spatial
patterns of (i) time-averaged cross-sectional flow and (ii) bed shear
stress for a single ELJ structure, (iii) spatial patterns of time-averaged
near-field flow for one or two EL]J structures, and (iv) fluid forces acting
on ELJs. From these experimental observations, an analysis of the fluid
momentum within the experimental domain is discussed, and a critical
assessment of the drag coefficients of the ELJs is presented. Much of the
data are compared to the reference condition, in which no ELJ was pres-
ent. Table 3 summarizes the spatially-averaged values for velocity, tur-
bulence, and shear stress parameters for the reference condition and
for cross-sections upstream and downstream of a single ELJ structure.
The derivation and significance of these parameters are presented
below.

3.1. Spatial patterns of time-averaged cross-sectional flow for a single EL]
structure

Select velocity and turbulence parameters for channel cross-sections
were time-averaged at-a-point, normalized by 1o and u3 and plotted as
contour maps in Figs. 4 to 8. In these figures, the reference condition is
used as a basis for comparison of the cross-sectional flow data results
obtained immediately upstream and downstream of the EL] structures.

10

0.8

06 . . . . . . .

y/h

0.4 . . . . . . .

0.2

0.05 0.10

z/B

0.15 0.20

(B)

Fig. 3. Locations of velocity measurements obtained for the (A) entire cross section and (B) near-field.
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Table 3
Summary of spatially averaged flow values for select cross sections (using Table 2, the reference condition is configuration 1, ELJ-1 is configuration 2, and ELJ-2 is configuration 9).
d <u> <v> <w> Umeg>  <Umms> Vyms> Wyms>  <k> () (i) (Tx)
(m) (ms™1) (ms™1) (ms™1) (ms™1) (ms™1) (ms™1) (ms™1) (1074*m?ms™?) (Pa) (Pa) (Pa)
Reference condition® 0.114 0.117 0.010 —0.004 0.117 0.009 0.010 0.006 1.26 0.051 0.059 0.065
ELJ-1 US 0.115 0.117 0.009 0.016 0.119 0.010 0.011 0.006 1.35 0.063 0.062 0.074
ELJ-1 DS 0.115 0.116 0.008 0.005 0.118 0.011 0.011 0.007 1.93 0.057 0.089 0.115
ELJ-2 US 0.114 0.118 0.009 0.008 0.119 0.009 0.011 0.006 1.32 0.064 0.060 0.071
ELJ-2 DS 0.112 0.119 0.010 0.005 0.119 0.010 0.011 0.006 1.50 0.033 0.064 0.081

@ US, DS refers to upstream or downstream of the ELJ.

The cross-sectional flow distribution for the reference condition is
consistent with smooth-walled, rectangular, open channel flows
(e.g., Nezu and Nakagawa, 1993). The downstream velocity component
u/ug exhibits a parabolically shaped distribution of values in space, and
the spatially-averaged vertical <v> and cross-stream <w> velocity
components are relatively small in comparison: {(u) ~ 12(v) =~ 30{w)
(Table 3). Contour maps also display the spatial distributions of u,s/tlg
(Fig. 5), Vyms/Uo (Fig. 6), Wrms/Uo (Fig. 7), and k/u3 (Fig. 8). Maxima for
these turbulence parameters occur at the flume bed along the flow cen-
terline, and minima occur along the flume walls and near the water sur-
face. For the spatially-averaged values, (Upms) = (Vims) = 1.5(Wyms)
(Table 3). These ratios are slightly different to observations in field stud-
ies that suggested () is the dominant contributor to turbulence
(Sukhodolov et al., 1998; Kim et al., 2000; Daniels and Rhoads, 2003).
This minor turbulence anisotropy likely would cause secondary flow cir-
culation (e.g., Nezu and Nakagawa, 1993), but this effect was not
investigated.

The presence of ELJs has varying effects on the distributions and
magnitudes of velocity and turbulence. Upstream of the ELJs, magni-
tudes are slightly diminished near the structure and slightly enhanced
away from the structure within the main channel flow (Fig. 4). Flow is
more strongly decelerated near the inner bank just downstream of the
structures where some flow recirculation is observed, whereas flow is
accelerated in the main channel away from the structures. This is to be
expected because the structure is designed to be nonporous, with little
to no through-flow (Gippel et al., 1996; Brooks et al., 2006; Manners
et al,, 2007). This effect can be achieved by employing a relatively high
vegetation density (Bennett et al., 2008). In both experiments, a pro-
nounced, vertically oriented shear layer forms downstream of the EL],

as demarcated by vertically oriented isovels (Fig. 4). The spatial extent
of the shear layer in the transverse direction is comparable in magni-
tude to the penetration distance of the ELJ. The normalized velocity dif-
ferential across the shear layer observed for ELJ-1 is larger than that
observed for ELJ-2. Contour maps for v/uy and w/ug show some altered
magnitudes and directions of flow within the shear layers, but these ve-
locities are only about 10% of the magnitude observed for u/uq (reported
in Cai, 2014). The locations of the upstream measurements clearly are
within the flow field affected by the ELJs, in agreement with previous
observations (Brooks et al., 2006; Svoboda and Russell, 2011).

The ELJs also affected turbulence parameters. Upstream of the EL]Js,
there is little to no observable change in the magnitude or distribution
of the turbulent velocities (Figs. 5 to 7) and kinetic energy (Fig. 8) as
compared to the reference condition. Yet these same parameters are
significantly altered downstream of the structures. In each case, turbu-
lence intensities and turbulent kinetic energy are increased along the
shear layer, by as much as a factor of five when compared to the refer-
ence conditions. Moreover, the area of high turbulence intensity ex-
tends from the bed to the water surface, which coincides in space
with the location of the shear layer, and the loci of all turbulence maxi-
ma occur along this shear layer rather than at the bed, as in the case for
flow upstream of the structure and for flow in the reference condition.
These increases in turbulence intensity are greater downstream of ELJ-
1 as compared to ELJ-2. In contrast, turbulent velocities and kinetic en-
ergy are reduced in the near-bank region downstream of the ELJs by as
much as a factor of three, thus providing further evidence for the effica-
cy of ELJs as bank protection installations (Daniels and Rhoads, 2003;
Abbe et al., 2003b). The presence of EL]s does not produce any variation
in the spatially-averaged flow, as can be seen with values of velocity

ELJ-1 ELJ-2
< > < >
1 1 1 1 1 14 1 1 1 1 1 1 1
Reference Condition Upstream
0.8+ - 0.8 -
i [
£
e M - 0.4 - = -
0.2+ / - 0.2 / o \ -
B —~N\ - L ] K — =i
0 T T T T o T T T T T T T
0 0.2 04 0.6 0.8 1 1 I I I 1 1 1 I
z/B Downstream
[T T 1 [ .
-0.1 0.2 0.5 038 1.4 14 L L
£
u/u, > | i

o

0.2 0.4 0.6

z/B

0.8 1

Fig. 4. Contour plots of normalized time-averaged downstream velocity. The reference condition map (on left) shows the flow field without any structures present (configuration 1). The
additional maps show ELJ-1 (middle; configuration 2) and ELJ-2 (right; configuration 9) for the upstream (upper) and downstream (lower) cross sections. The penetration distances of the

ELJs into the flow also are shown as vertical lines.
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Fig. 5. Contour plots of normalized time-averaged u,s velocity. Refer to Fig. 4 for additional details.

magnitude Uy, in Table 3. The results are similar to field observation on
how LW affects flow, where the LW creates a zone of high turbulence
energy near the LW-main flow interface and a near-bank zone of damp-
ened velocities downstream of the LW (Daniels and Rhoads, 2003;
Manners et al., 2007).

3.2. Spatial patterns of bed shear stress for a single ELJ structure

Approaches to quantify boundary shear stress include application of
the conservation of fluid momentum (Eq. (5)), analysis of near-bed gra-
dients in downstream flow velocity (Eq. (6)), and an examination of the
distributions of Reynolds stresses and turbulent kinetic energy (Eq. (7)).
For steady, uniform, clear-water, turbulent open-channel flows over flat
beds, these approaches theoretically should converge to a single value,
within experimental error (Nezu and Nakagawa, 1993; Bennett et al.,
1998; Biron et al., 2004). That is, Ths = T, = Tgr = T} should be observed
for the reference condition.

ELJ1
|

1 1 1 1 1

These bed shear stress determinations show that 7 and 7 are con-
sistent with each other for the reference condition with distance across
the flume (Fig. 9). Although much more variable, 7, also shows a similar
variation, where all three estimates exhibit maxima near the center of
the channel, decreasing toward the flume sidewalls. Each estimate can
be spatially-averaged, giving (7,) = 0.051 Pa, {Tg) = 0.065 Pa, (T}) =
0.059 Pa. Referring to Eq. (7), a value of ¢ = 0.23 is found here, which
is just slightly larger than the range previously reported. In contrast,
Ths = 0.56 Pa using the values in Table 1. As previously noted, elevation
resolution for the flume bed slope was 4- 1 mm. For S = 0.0005, this is a
drop in elevation of 3.5 mm over the 7-m flume length. As such, a mea-
surement error in this bed slope determination is likely, which could ex-
plain the relatively higher value found for 7,,5. Based on these results,
(Tu) = (Tr) =~ (1), and a mean boundary shear stress, To can be defined
by (7i), or 7o = 0.059 Pa. For open-channel flows with complex geom-
etries, such as in the presence of engineered log jams, bed shear stress
determined by (7)) may be superior to other methods (Biron et al.,
2004). Using 7o = Tps in Eq. (5) gives S = 0.00005, which is a very
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small slope to accompany these modest boundary shear stresses. This
corrected value of bed slope is used hereafter.

Upstream of the ELJs, values of bed shear stress across the channel do
not deviate significantly from the reference condition (Fig. 9). Down-
stream of the ELJs, bed shear stress is strongly affected. In the near-
bank regions downstream of the ELJs, 7z and T are greatly suppressed
(by a factor of two) compared to the reference condition. Bed shear
stresses are greatly enhanced (by as much as a factor of eight) just out-
side the penetration distance, coinciding with the shear layer. Based on
these distributions, the greatest potential for erosion and pool develop-
ment on the stream bed is just outside of the EL] penetration distance as
previously suggested (Buffington et al., 2002; Wallerstein and Thorne,
2004).

3.3. Spatial patterns of near-field flow for one or two EL] structures

Additional flow and turbulence data were collected just upstream
and downstream of a structure in the presence of two structures. For

1 1 1 1 1 1

illustrative purposes, Fig. 10 shows the normalized downstream flow
velocity; and Fig. 11 shows the normalized turbulent kinetic energy
for the reference condition, in the presence of one structure, and in
the presence of two structures with varying spacing. In the latter case,
flow data were collected for the downstream structure.

In the upstream areas, flow is similar to the reference condition, with
some backwater regions observable near the bed, especially near the
bank (Fig. 10). The downstream areas show decelerated and less turbu-
lent flow in regions protected by the ELJ, and accelerated flow and
higher turbulence values along the mixing layer at the interface be-
tween the structure and the main flow.

When a second structure is present upstream, the near-field velocity
metrics show evidence of skimming flow and wake interaction. When
the structure spacing is <7.5 h, the near-field values of u/ug and k/u3 dis-
play reduced magnitudes, especially in the near-bank regions upstream
of the structure and in the regions downstream of the structure (Figs. 10
and 11). Increasing this spacing, however, creates transverse gradients
of flow velocity and turbulent kinetic energy, where contour lines for

ejl 1 1 1
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Fig. 8. Contour plots of normalized time-averaged turbulent kinetic energy k. Refer to Fig. 4 for additional details.
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u/ug and k/ug become vertically oriented. Although the near-bank re-
gions display relatively low flow velocities and turbulent kinetic energy
values for structure spacing up to 15 h, more complex hydrodynamic in-
teractions are observable at the largest structure spacing. At 30 h, turbu-
lence values are enhanced upstream and downstream of the structures.

To quantify the downstream effects of this structure-induced wake,
spatially-averaged downstream flow velocity and turbulent kinetic en-
ergy can be defined for the incident flow velocity of the downstream
structure when two structures are deployed. These variables are defined
as (u,y and (k,), respectively, employing Eq. (2) where the limits of the
integration are restricted to the near-field data (Figs. 3b, 10, and 11).
These values are then normalized by the equivalent values observed
upstream of the single structure deployment, thereby defining V* =
(up)/uno) and K* = (k,,)/{kno). For both structures, the reduction of the
normalized downstream flow velocity V* is pronounced in magnitude
and extensive in space, achieving reductions of about 80% at separation
distances of 30 h downstream (Fig. 12). Yet the normalized turbulence
kinetic energy K* follows a different pattern. At a relatively small sepa-
ration distance of 7.5 h, K* values are reduced by about 50% for both
structures (Fig. 12). At a distance of 15 h, no reductions in K* are ob-
served; whereas at a distance of 30 h, values of K* increase to about
200%. This observation suggests that the wake region for both structures
extends beyond 30 h based on the downstream velocity component
(Figs. 10 and 12). In addition, the turbulent wakes created by the up-
stream structure and its associated shear layer actively interact with
the near-field of the downstream structure when separation distances
exceed 15 h (Figs. 11 and 12). These interactions could include flow

reattachment of the upstream eddies or the penetration of turbulent
eddies shed from the upstream structure, which may be important con-
siderations for the installation of successive ELJs in the prototype.

3.4. Fluid forces acting on ELJs

Forces were measured on a single ELJ in the downstream (drag force
Fp, positive in the downstream direction) and transverse (cross-stream
force Fr, positive toward the left or opposite bank looking downstream)
directions. For a single structure placed in the flow, F, = 0.851 +
0.060 N and Fr = —0.023 + 0.089 N for ELJ-1, and F, = 0.352 +
0.080 N and Fr = 0.007 + 0.088 N for ELJ-2. The transverse force Fris
not discussed further because it was small (Fp > Fr) and did not change
appreciably in any of the experimental configurations. Figs. 13 and 14
summarize the drag force measurements, where the error bars repre-
sent the standard deviation of each measurement period. The drag
force measured for ELJ-1 is about 2.4 times larger than that measured
for ELJ-2, and this can be attributed to differences in the size, shape,
and penetration distance of the structures. For comparison, these values
of Fp are similar in magnitude to the laboratory measurements of Gippel
etal. (1996) and Wallerstein et al. (2002), but lower than Turcotte et al.
(2015).

The measured drag forces on ELJs are reduced significantly by the
presence of structures placed upstream. Fig. 13 shows that, in general,
Fp~ 0.3 £+ 0.07 N, or Fp/Fpo =~ 0.3 + 0.08, for ELJ-1 when another struc-
ture is present upstream, where Fpg is the drag force measured for the
single structure, and this reduction does not vary with the spacing of
structures up to 30 h. Fig. 14 shows that, in general, Fp ~ 0.05 to
0.15 4 0.067 N, or Fp/Fpp = 0.10 to 0.30 =+ 0.19, for ELJ-2 when another
structure is present upstream. In contrast to ELJ-1, the reduced drag
force acting on ELJ-2 increases once x/h > 15 when two structures are
present, and it increases once x/h > 7.5 when three structures are pres-
ent. The trends are not statistically significant given the error bars of the
measurements. These results suggest that the region of flow decelera-
tion (the wake region) noted earlier causes reduced Fp values of a sim-
ilar magnitude (~80%). Force measurements obtained for the middle
structure within a three-structure sequence are no different than
those observed for the downstream structure for equivalent spacing
(Figs. 13 and 14). Moreover, force measurements obtained for the up-
stream structure within a three-structure sequence spaced at 5 h are
nearly identical to those obtained for a single structure.

3.5. Drag coefficients for ELJs

Values of the drag coefficient Cp, for ELJs can be determined from the
force measurements using Eq. (8), and several options exist to define
the characteristic velocity U. The spatially-averaged flow velocity for
the entire cross-section with no ELJ present flow velocities is used
here (the reference condition, Table 2), given that this parameter typi-
cally would be available for design purposes.

Drag coefficients for the single ELJs and corresponding velocity
values are summarized as follows: Cp = 2.72 + 0.19 for ELJ-1, and
Cp = 1.60 £ 0.37 for ELJ-2 (Fig. 15). The drag coefficient for ELJ-1 is
higher than that observed for ELJ-2 because of its size, shape, and orien-
tation. The uncertainty range observed for the force measurements is
assumed to be higher than the uncertainty of the spatially-averaged
flow velocity, and this latter uncertainty is ignored in the reported
values.

Drag coefficients are significantly reduced when additional ELJ struc-
tures are present upstream. Fig. 15 shows the reduction in Cp when ELJs
are placed upstream of the instrumented structure. For ELJ-1, Cp de-
creases from about 2.72 + 0.19 to about 0.88 4 0.24 (a reduction of
about 68%). For ELJ-2, Cp decreases from about 1.60 + 0.37 to about
0.27 4 0.31 (a reduction of about 83%). In both cases, these reductions
in the drag coefficient are maintained even as spacing between the
structures increases (up to x/h = 30). The drag coefficients for both
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structures are not affected by the presence of the structures down-
stream, as Fp (Figs. 13 and 14) and Cp (Fig. 15) for the leading structure
are similar to the single structure. Reduction in drag coefficient appears
to be an artifact of the sheltering (wake) effects of an upstream struc-
ture. The measured drag forces on the ELJs are greatly reduced when up-
stream structures are present (Figs. 13 and 14), and this observation is
accompanied by much lower incident flow velocities (Figs. 10, 11, and
12).

3.6. Momentum analysis

A primary objective of the current work was to measure the drag
force acting on engineered log jams and to quantify the drag coefficients
for these structures. In natural rivers, measurement of drag forces on
ELJs or LW might be difficult or impossible (Hygelund and Manga,
2003; Shields and Alonso, 2012), yet knowledge of their drag coeffi-
cients would be very helpful for design purposes or the assessment of
flow resistance. The existence of a measureable force on the ELJ means
that the conservation of fluid momentum within a control volume
should be applicable, provided the necessary data, and that this balance
should be in agreement with the observations herein. A momentum bal-
ance is performed using the measured parameters for the single struc-
ture installations for ELJ-1 and ELJ-2 (Tables 1 and 3) to assess the

drag forces acting on the structures and to compare these results to
the measured forces.

The analytical formulation is based on a finite control volume
C.V. encompassing a longitudinal portion of the channel bounded
by the upstream and downstream cross-sections where flow data
are available. The steady state momentum equation governing
fluid motion through this control volume can be expressed in inte-
gral form as

[cvpEdY +lics T - (—pl+ T)dA+ Fp = [lcspV (- V)dA  (9)

where C.S. is the control surface, dV is a fluid volume element within
the CV., V is the velocity vector, p is pressure, I is the unit tensor, T is

the shear stress tensor, ?D is the drag force associated with the EL], A

is flow area, and 7 is the unit normal vector, which by definition is pos-
itive pointing outward from the C.V. (e.g., Chow, 1959). As flow is con-
fined to a straight channel, it is sufficient to consider only the
longitudinal components of Eq. (9),

Plffcv.gSaAY + ffcs T - (—pl + T)dA—Fp
= —pfls, VidAs + pff, V5dA,
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Fig. 11. Contour plots of normalized turbulent kinetic energy k in the near-flow field. Refer to Fig. 10 for additional details.

where p is assumed to be constant. Assuming further that pressures at
the inflow and outflow cross-sections are hydrostatically distributed,
writing in finite form yields

1 1 _ _
VS + Yy 5 YhBi=d S YHiBi—TpAy—TuAw—Fp

2 2
= _pZAlvjAf+pZszjAj (11)

where 1y is the specific weight of water, h; is the representative flow
depth of interval i of the cross-section, B; is the width of interval i, T},
and T, are the spatially-averaged bed and wall shear stresses of the con-
trol volume, respectively, A, and A,, are the bed and wet wall areas, re-
spectively, V; is the representative longitudinal velocity of cell j of the
cross-section, and A; is the area of cell j. Terms on the LHS of Eq. (11)
are, respectively, forces of gravity G, upstream pressure P;, downstream
pressure P, bed shear stress, sidewall shear stress, and the drag force on
the ELJ. Terms on the RHS are, respectively, fluxes of upstream M; and
downstream momentum M,. The following assumptions are made:
(i) Tp = 1(0.23(7y); + 0.23(7y),), using the above definition of bound-
ary shear stress, where the subscripts denote the cross-section; (ii) 7w
is determined using the formulation of sidewall shear stress for a uni-
form, smooth open channel suggested by Guo and Julien (2005); and
(iii) total volume V is calculated neglecting the subtraction of the
small volume occupied by EL]Js. In addition, four methods were used
to evaluate the two terms on the RHS: (i) the velocities at all boundaries

were equal to the nearest velocity measurement; (ii) the region of inter-
est was restricted only to the area where data were collected; (iii) the
velocities along the wall, the bed, and the water surface were assumed

25 . . .
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Fig. 12. Spatially averaged near-field downstream velocity V" and turbulent kinetic energy
K" determined upstream of ELJ-1 (configuration 3) and ELJ-2 (configuration 10), and nor-
malized by the values observed for a single structure (configuration 2 for ELJ-1 and 9 for
ELJ-2), as a function of downstream distance from the upstream structure.
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Fig. 13. Measured (upper) and normalized (lower) drag force acting on ELJ-1 for different
configurations and spacing of structures. Error bars show the standard deviation of each
measurement.

tobe equal to 0.8, 0.9, and 1.01 times the nearest velocity measurement,
respectively, as verified by actual measurements and by invoking flow
continuity; and (iv) the velocities along the wall and the bed were as-
sumed to be zero (a no-slip condition), and the velocity at the water
surface was assumed to be equal to 1.01 times the nearest velocity
measurement.

The results from the momentum analysis are summarized as fol-
lows: Fp =~ —1.63 to — 1.48 N for ELJ-1, and Fp = 1.71 to 1.85 N for
ELJ-2, depending on the averaging method employed. The calculated
values of Fp, clearly do not agree with the observations (Figs. 13 and
14), and in particular the negative values for ELJ-1 are unexpected. A
sensitivity analysis for terms on the LHS of Eq. (11) was conducted to
quantify the effects of measurement uncertainty on the calculated
values of Fp. This analysis was accomplished by assigning experimental
uncertainties to all parameters and by quantifying the range of calculat-
ed Fp on the basis of these uncertainties (this analysis included 10° cal-
culations). These results show that P; and P, are extremely sensitive to
these uncertainty ranges, suggesting that the pressure terms are most
important when calculating the drag force by momentum analysis.
Turcotte et al. (2015) used a simplified momentum balance to deter-
mine the drag force acting on a submerged cylinder. They noted that
when the cylinder was relatively small in diameter, the difference in
flow depth upstream and downstream of the cylinder was small or neg-
ligible. The derived drag forces in such experimental situations also
would be small or negligible, which is consistent with the observations
here. While the current results are inconclusive, this analysis does high-
light the difficulty in applying, and the uncertainty in calculating, a mo-
mentum balance to quantify the drag force acting on LW in natural
rivers and the need for high-quality data of sufficient spatial resolution.
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Fig. 14. Measured (upper) and normalized (lower) drag force acting on ELJ-2 for different
configurations and spacing of structures. Error bars show the standard deviation of each
measurement.

4. Discussion

The effects of engineered log jams on flow in an experimental chan-
nel are twofold. Near the structure, ELJs can significantly reduce flow ve-
locity and bed shear stress in the near-bank regions and, in particular, in
the areas downstream of the structure. An acceleration of flow is ob-
served around the structure, accompanied by higher turbulence intensi-
ties and bed shear stresses near the structure in the main channel flow.
On the basis of the conditions imposed, reduced near-bank flow veloci-
ties can extend to distances >30 h downstream. Yet ELJs have little effect
on spatially-averaged flow upstream or downstream of the structure.
These observations are consistent with previous findings showing that
LW in rivers reduces velocities near the structure, produces a zone of
stagnation downstream of the structure, and shifts the maximum veloc-
ity away from the structure and toward the main channel (Thorne and
Furbish, 1995; Gippel et al., 1996; Daniels and Rhoads, 2003). The cur-
rent paper further qualifies these hydraulic effects and their variations
in space within an experimental channel.

Because of these hydraulic effects, ELJs can function very effectively
as bank protection. When introduced, the energy in near-bank regions
is reduced (see Figs. 10, 11, and 12), which may facilitate bank stability,
sediment deposition, and nutrient sequestration (Abbe et al., 2003b;
Brooks et al., 2004). The ELJs also can create scour holes around the pe-
rimeter of the structure where accelerated flow, elevated turbulence in-
tensities, and higher bed shear stresses occur (see Fig. 9). These channel
changes could increase geomorphic and hydraulic complexity as well as
the amount of habitat available for a range of aquatic species (Gippel
et al., 1996; Rhoads et al., 2003; Abbe et al., 2003b; Manners et al.,
2007). Introducing ELJs to a disturbed stream has been shown to in-
crease physical habitat diversity, including the development of zones
of secondary flow that many fish species exploit as refugia or feeding
zones (Shields et al., 2006; He et al., 2009). From these attributes, ELJs
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could fulfill the goals of stream restoration projects that aim to protect
stream banks from hydraulic attack and to augment in-stream habitat
for aquatic species.

This experimental study provides additional insight for design con-
sideration. As noted by Shields and Alonso (2012), a wide range of Cp
values has been reported for LW in rivers and engineered log jams
(from 0.3 to 9). The reasons for this wide range include the effects of
wood roughness, orientation, and relative submergence (Alonso,
2004), the complexity of the LW configurations (Manners et al., 2007),
and potentially the methods used to derive Cp (Wallerstein et al.,
2002; Turcotte et al., 2015). Based on the measurements obtained, and
in light of previous work, Cp values for engineered log jams of the type
employed here should be in the range of 1 to 3 using the spatially-
averaged flow velocity of the channel as the characteristic velocity.
These drag coefficients then can be used with numerical models to
assess the morphodynamic responses of river channels to the introduc-
tion of ELJs and their impact on flow resistance. The drag associated
with ELJ-1 is greater than ELJ-2, which explains the higher near-
structure turbulence intensities and bed shear stresses. Such hydraulic
signatures for ELJ-1 would likely increase the potential for greater
scour depths and larger channel areas of influence as compared to ELJ-
2. Both ELJ structures, however, still would afford significant bank pro-
tection downstream.

Effective ELJ designs rely upon careful consideration of the balance of
forces acting on the structures. This force balance analysis is not trivial,
and select examples include Shields et al. (2004), Abbe and Brooks
(2011), and Shields and Alonso (2012). For practical purposes, Abbe
and Brooks (2011) simplified this force balance approach for engineer-
ing applications, noting that the sum of the net horizontal force can be
reduced to hydrostatic, buoyancy, and drag forces. This simplification
appears to be consistent with the results presented here, most notably

that the observed drag forces for the ELJs are about an order of magni-
tude greater than the observed transverse forces. Since EL]s typically
are ballasted by gravel and cobbles (D'Aoust and Millar, 2000; Brooks
et al., 2006; Abbe and Brooks, 2011), the buoyancy force will be ad-
dressed. As such, the installation of piers into the banks and stream
banks should focus on withstanding the drag forces of the design flow.
Limitations to the current study should be noted when considering
ELJ design in natural streams. The prototype of the physical model,
using a design discharge of Q; s, has a relatively low Froude number
(Fr = 0.12), w/h = 18, a relatively shallow bed slope (S =~ 0.0005),
and a very fine sand bed (Table 1). The magnitude of the river's
morphodynamic response, and hence the efficacy of the ELJs, will be
conditioned by these boundary conditions. The EL] structures examined
here, and the results observed, are based on the designs currently pro-
posed by Brooks et al. (2006), which could change as additional infor-
mation becomes available. Long-term monitoring of select installations
continues, and some morphodynamic and ecologic responses in select
rivers have been observed even five years after ELJ installation. Post-
project assessment of ELJs is an important component to measure the
resiliency of stream channel responses, especially given that the positive
ecological effects may be not be sustained over a period of years de-
pending upon the integrity of the in-stream structures and adverse
watershed-scale effects on ecosystems (Shields et al., 2005, 2007).

5. Conclusions

An experimental study was conducted to assess the effects of
engineered log jams on the mean and turbulent flow in a fixed-bed,
rectangular channel and to define the forces acting on these structures.
The experiment employed Froude-number scaling principles to evalu-
ate and compare two bank-attached deflector jams based on recom-
mended designs, and devices to measure turbulent velocities near the
structures and the drag and transverse forces acting on the structures
in a wide range of configurations. The primary results are summarized
as follows.

* The introduction of ELJs into a fixed-bed flow markedly affected re-
gions near the structure, causing a slight backwater immediately up-
stream, flow acceleration around, and flow deceleration immediately
downstream of the ELJs. A highly turbulent, vertically oriented shear
layer was created near the structure whose transverse distance into
the main flow appears to be similar in dimension to the EL] penetra-
tion distance. Bed shear stresses also were elevated near this shear
layer, and they were reduced in the near-bank regions downstream.
These hydraulic effects were more pronounced in the presence of
ELJ-1 as compared to ELJ-2, primarily because of differences in the
size, shape, and orientation of the structures.

Despite these localized perturbations, the introduction of a single ELJ
had no effect on spatially-averaged flow just upstream and down-
stream of the structure.

» When two or three structures were deployed in tandem, the upstream
structure created a relatively long wake region, in excess of 30 h, effec-
tively shielding the downstream structure and the stream bank from
the full brunt of the time-mean drag forces in the main channel
flow. Qualitatively, this effect was similar for both EL] types, although
slight differences in turbulent kinetic energy were observed.
Measured drag forces acting on the ELJs were about 10 times larger
than the transverse forces. Drag coefficients using the spatially-
averaged flow velocity from the reference condition were 2.72 +
0.19 for ELJ-1 and 1.60 £ 0.37 for ELJ-2. Drag forces acting on the
ELJs were markedly reduced when a structure was present upstream
and shielded the downstream structures, and this also reduced drag
coefficients. Application of a momentum balance to derive analytically
the drag force acting on the EL] based on collected hydraulic data
proved inconclusive because of uncertainties in the experimental
data required to calculate these relatively small forces.
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These experimental results provide further insight into the design
criteria necessary for the effective deployment of ELJs in rivers. First,
ELJs provide significant bank protection via flow deceleration, exceed-
ing distances of 30 h or more without any effect of spatially-averaged
flow. Second, the drag coefficients reported here can be used to quantify
the balance of forces acting on ELJs in field conditions as well as aid in
the assessment of ELJs in river corridors using numerical models. The re-
sults presented herein, however, are conditioned by the characteristics
of the prototype selected and the EL] designs employed.
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